ABSTRACT: The shape of nanoparticles can be important in defining their properties. Establishing the exact shape of particles is a challenging task when the particles tend to agglomerate and their size is just a few nanometers. Here we report a structure refinement procedure for establishing the shape of nanoparticles using powder diffraction data. The method utilizes the fundamental formula of Debye coupled with a Monte Carlo-based optimization and has been successfully applied to TiO 2 -B nanoparticles. Atomistic modeling and molecular dynamics simulations of ensembles of all the ions in the nanoparticle reveal surface hydroxylation as the underlying reason for the established shape and structural features.
INTRODUCTION
Although the size of nanoparticles is usually regarded as their defining feature, their shape is also important. 1 Many of the properties of nanomaterials depend on their shape; for example, the properties of carbon nanotubes, fullerenes, and graphene sheets are all distinct, and the catalytic activity of oxide nanoparticles and electrochemical properties of intercalation electrodes for Li-ion batteries depend on their shape. 2−9 Establishing the shape of nanoparticles may at first sight seem to be a trivial problem for transmission electron microscopy (TEM). However, nanoparticles often form in agglomerates, which makes determination of the primary particle shape a significant challenge. The peak shapes in powder X-ray and neutron diffraction depend on the size of the particles, microstrains, and stacking faults. Deconvolution through peak-shape analysis is possible but often problematical, especially when the sizes along different crystallographic directions are required in order to establish the shape of crystallites. Recently it has been demonstrated that pair distribution function (PDF) analysis can be used to distinguish between powders having the same elemental and phase composition but different particle shape by comparison of their PDFs. 10 Although successful in the case of nanoparticles with cubic (isotropic) symmetry, this method relies on differences in the PDF decay, which is also a function of the a priori unknown elemental composition of the relevant coordination spheres.
In this work, we used powder diffraction coupled with Debye refinement to establish the shape of nanoparticles and atomistic modeling to investigate the origin of the shape, exemplified specifically by application to TiO 2 -B. In the course of Debye refinement, the entire powder X-ray diffraction pattern is fitted without recourse to symmetry or even crystallinity, to determine the particle shape. Atomistic modeling of the whole TiO 2 -B nanoparticle using both energy minimization and molecular dynamics (MD) methods was essential in order to establish the origin of the shape. Atomistic simulation techniques have been used previously to predict the surface structures of materials composed of large (micrometer-sized) particles and hence their shape. For small nanoparticles, however, many of the atoms are no longer subjected exclusively to either bulk (symmetric) or surface (asymmetric) forces. As a result, it is necessary to simulate the total energy and structure of the ensemble, not just the surface, in determining the particle shape with a strong connection to experiment; this is what we have done here.
Surface hydroxylation is an important process to consider, as surface interactions with the solvent during synthesis can give rise to a certain degree of hydroxylation. It is known that OH groups produced upon dissociative water adsorption can strongly influence the properties of oxide particles, but there are limited combined experimental−modeling studies in this area. The effect of hydroxylation on the shape of TiO 2 -B nanoparticles is not yet clear.
TiO 2 -B nanoparticles were chosen because we have synthesized them with particularly small size, emphasizing the nano effect, and because they form as agglomerates. TiO 2 -B has a structure distinct from those of the well-known rutile, anatase, and brookite polymorphs of titanium dioxide. It is by far the best host for lithium intercalation of any titanium dioxide, especially in nanoparticulate form.
EXPERIMENTAL SECTION
TiO 2 -B nanoparticles were synthesized using a hydrothermal method that has been described in detail elsewhere. 11 Individual particles are agglomerated in the TEM (JEOL JEM-2010) images (Figure 1 ), but their shape appears to be nonspherical, with a typical size between 2 and 5 nm.
Powder X-ray diffraction ( Figure 2 ) confirmed previous studies showing that the synthesis procedure forms TiO 2 -B. The data were collected in reflection mode in steps of 0.02°on a laboratory Philips diffractometer equipped with a graphite monochromator.
The absence of the commonly encountered anatase phase in hydrothermally prepared samples was verified by Raman spectroscopy ( Figure S1 in the Supporting Information) using a Raman microscope equipped with a Nd:YAG laser (Toptica Photonics), a liquid-nitrogencooled CCD camera, and a Jobin Yvon iHr 550 spectrometer. The phase purity was further confirmed by the load curve during Li + intercalation, 11 which did not show signs of a flat plateau in the region between 1.75 and 1.90 V, typical of the anatase. 13 Transmission Fourier Transform infrared (FTIR) spectroscopy (Nicolet 6700) indicated the presence of O−H stretches (Figure 3) . No surfactant residue was found in the sample; the amount of residual carbon was 0.3 wt %, which would correspond to a layer of carbon on the surface well below 1 Å in thickness. 11 
METHODS
By means of full-profile, Rietveld, or individual peak-fitting methods, values of the full width at half-maximum (FWHM) and integral breadth (IB) of individual peaks can be determined and analyzed to establish the crystallite size along various crystallographic directions. 14 Apart from the problem of relying on the validity of the empirical peak-shape function as well as the distribution functions for crystallite sizes and microstrains (both are the most likely sources of peak broadening), the two fitting methods require a well-defined background line in order to obtain trustworthy values of the FWHMs and IBs. The severe broadening of the diffraction peaks in the patterns of very small nanoparticles such as the TiO 2 -B nanoparticles studied here (see Figure 2 ) precludes reliable identification of the background.
In the method of Warren and Averbach, 15 empirical functions, FWHMs, and IBs are not used, and the crystallite size is obtained through analysis of the Fourier coefficients of at least two Bragg peaks from the same crystallographic planes (e.g., 111 and 222). However, the nature of Fourier transformation imposes a strict requirement of reaching the background level on both sides of each reflection used in such analysis, making the latter suitable predominantly for highsymmetry crystal structures.
In recent years, PDF analysis 16, 17 of powder diffraction data applied to crystalline compounds has been extended to the analysis of particle shape. It is based on a Fourier transform of the entire diffraction pattern, thus taking into account both diffuse and Bragg scattering, and does not rely on empirical functions or a priori assumptions of any kind. The technique is used primarily to probe local disorder. However, it has been shown that in some cases PDF analysis can provide information about the shape of nanoparticles, albeit indirectly, through comparison of density functions from nanoparticles and from a reference polycrystalline material. 10, 18, 19 To investigate the structure, shape, and size of the TiO 2 -B nanoparticles using powder diffraction, we have developed a refinement procedure based on first-principles diffraction theory that takes into account all types of scattering and operates in direct space without recourse to crystallography (symmetry) or empirical functions. To validate the refinement results and establish the underlying reasons for the observed shape of the nanoparticles, an advanced computational methodology for atomistic modeling was applied. The approach was developed to simulate explicitly the surfaces and shape of the TiO 2 -B nanoparticles using a combination of energy minimization and MD techniques. An important aspect of the study was the simulation of hydroxylated surfaces in addition to pristine TiO 2 -B.
Structure Refinement Using the Debye Equation.
A powder diffraction pattern I(θ), collected in a constant-wavelength mode, can be calculated using the equation of Debye: 
where f n (θ) is the atomic form factor of the nth atom in the scattering array, λ is the wavelength, and r ij is the distance between atoms i and j. 20 The equation is exact in the kinematic (single scattering) approximation and describes Bragg and diffuse scattering as well as the small-angle scattering from a powder. The mathematical simplicity of the formula is more than counterbalanced by the computational expense of its use, since for any blind-drawn powder the distances r ij between all atoms in the particle have to be calculated.
Structure refinement of the TiO 2 -B nanoparticles was carried out by minimization of the χ 2 figure-of-merit function, calculated as a sum of weighted squared differences between the experimental and Debyeequation-calculated intensities. The r ij values were computed from the coordinates of atoms in each trial nanoparticle. The latter was cut as an ellipsoid from the bulk TiO 2 -B structure. The lattice parameters (a, b, c, β) of the bulk structure and the lengths of the ellipsoid axes (A, B, C) served as variables in the refinement. To account for deformations/ strains, which are not uncommon in nano-objects and also lead to broadening of Bragg diffraction peaks, the atomic coordinates within the ellipsoid were modified as follows: ) O ] precluded the use of gradient least-squares as a minimization method. Global optimization by simulated annealing was employed to carry out the Debye refinement, using a protocol similar to that utilized in ab initio structure determination from powder diffraction data. 21 Such a Monte Carlo-based procedure was an additional burden on an already computationally expensive Debye algorithm.
The computational load in the refinement was significantly decreased by reducing the 2θ range on the lower-angle side, where Bragg scattering was not expected, and by taking into account only every fifth point in the diffraction pattern (increasing the step size in 2θ from 0.02°to 0.1°). In addition, the refinement code was written for a multiprocessor computer, with the task of calculating the value of the double sum in the Debye equation equally distributed among the processors and performed in parallel. The refinement was performed on a Dell PowerEdge T410 desktop workstation with 12 cores operating under LINUX.
3.2. Atomistic Modeling. The approach for modeling surface structures and nanoparticle shapes employs a powerful combination of efficient energy minimization methods and MD techniques, which can be performed independently; 22−25 these methods are based on effective interatomic potentials consisting of a sum of long-range Coulombic and short-range repulsive terms and are embodied in the simulation codes METADISE 26 and DLPOLY. 27 As argued previously, 23 the general transferability and accuracy of the derived potentials for oxide materials are assessed primarily by the reproduction of available experimental properties of the system. First, the set of potential model parameters 28, 29 (Table S1 in the Supporting Information) accurately reproduces the structure of bulk TiO 2 -B (space group C2/m), showing good comparison with neutron diffraction data (Table S2 in the Supporting Information). It is noted that these potentials have also reproduced the experimental structures and the relative order of stabilities of the anatase and rutile forms of TiO 2 , 28, 29 which suggests that the potential model is reliable over a range of configurations, including nanoparticle structures.
For the initial simulations of crystalline TiO 2 -B surfaces, planar twodimensional periodic boundary conditions were applied to a block of crystal parallel to the plane of interest using well-established methodology. 22, 23 Our potential-based techniques allow a large number of ions and surface planes to be treated, ensuring that the results are independent of model size. The energies of a wide range of surfaces of TiO 2 -B were calculated, allowing full energy minimization. The thermodynamic equilibrium shape or morphology of the macroscopic crystal was obtained from the Wulff construction using these calculated surface energies. Such methods have been used successfully to examine surfaces and morphologies of a variety of oxide materials, 30−33 including other TiO 2 polymorphs. 34, 35 Our modeling approach then considered explicitly the structure and total energy of the ensemble of all the ions in the nanoparticle, not just the surface, in determining the particle shape. First, a charge-neutral nanocluster about 3 nm in size (∼2900 ions) was generated by carving out a shape from the parent bulk structure based on the Wulff construction for pristine crystalline TiO 2 -B. The nanocluster was energy-minimized in order to remove any unrealistic residual net forces. The subsequent MD simulations were used to overcome any local energy minima and were performed in the NVT ensemble (for 1 ns, time step of 0.2 fs, temperature of 300 K). The nanoparticle was treated explicitly with no periodic boundary conditions imposed and full calculation of all the interionic interactions defined by the potential model. To explore the energy landscape, scans of different starting configurations were performed, varying the position of the particle origin. Previous MD simulation studies include work on rutile and anatase nanoparticles. 36, 37 It is worth noting that potentials-based MD simulations can now be run regularly for time scales on the order of nanoseconds, which is at least 2 orders of magnitude longer than ab initio MD calculations of much smaller cell sizes. Indeed, the advantage of interatomic potential methods is that they are computationally inexpensive and thus allow nanoparticles of large ensembles of atoms (>1000) to be handled efficiently.
Computational investigations of water on bulk crystalline surfaces of TiO 2 have been reported. 38−40 However, the effect of hydroxylation on the shape of titania nanoparticles is yet to be established. Here the entire particle shape was recalculated with full, 75%, 50%, and 25% monolayer coverages of the surface by hydroxyl groups (on undercoordinated surface Ti sites) and protons (at surface O sites). MD simulation scans of different starting configurations for 1 ns at 300 K were performed, which allowed the construction of hydroxylated nanoparticles. It is noted that these atomistic simulations of the shape of the nanoparticle are a necessary precursor to explicit ab initio calculations on lithium intercalation into the nanoparticle, which are part of ongoing work.
RESULTS AND DISCUSSION
Powder diffraction data from TiO 2 -B nanoparticles reveal anisotropic peak broadening. Although less pronounced than in the case of TiO 2 -B nanotubes (see Figure 2) , where the 010 reflection at ∼48.5°is markedly narrower than the rest because the crystallographic b axis is parallel to the tube axis, 11 differences in the peak widths are also apparent for the nanoparticles. Thus, the width of the peak at ∼28.9°, which comprises four reflections (002, 401̅ , 111, and 400), is smaller than that of the peak at ∼24.8°, which is a single 110 reflection. Similarly, the width of the 010 peak from the nanoparticles is greater than that of the peak at ∼44.2°consisting of 003 and 601̅ reflections.
Further evidence of the anisotropic broadening was found through comparison of peak-amplitude values in the above examples. The observed maximum-count ratio for the peaks at 24.8°and 28.9°could be matched by the calculated bulk intensities only if all four reflections have exactly the same 2θ
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Spherical particles with a diameter of 3 nm having the ideal crystal structure of TiO 2 -B served as a starting model for Debye refinement. Such a model provided a poor fit to the experimental data (Figure 4a ). In the course of the refinement, ∼94 000 powder patterns were calculated and compared to the experimental pattern, and ∼11 000 were accepted by the Metropolis sampling algorithm within the simulated annealing minimization procedure. The minimization terminated properly when the system "froze" (i.e., no uphill or downhill steps accepted at the given "temperature"). The final fit to the experimental data is shown in Figure 4b , and the starting and final values of the variable parameters are listed in Table 1 .
The refinement did not reveal any significant variations in the lattice parameters of the nanoparticles, with the maximum deviation being 1.2% in the value of a. No significant strains/ deformations were detected in the TiO 2 -B particles, which is unusual for particles of such high surface-to-volume ratio. 41, 42 High surface energy is expected to cause strain. The greater than 5-fold improvement in the fit was gained from the refined anisotropic shape of the particles (different dimensions in different crystallographic directions) and, to a lesser extent, from higher amplitudes of the mean-square displacements of atoms than are typical in bulk materials. The particle shape is adequately described by an ellipsoid, the longer axis of which coincides with the c crystallographic direction and is 1.6 times longer than the other two axes, which are approximately the same length. The remaining mismatches in the final fit were most likely caused by the distribution of the shapes and sizes of the particles in the powder sample from which the experimental data were collected.
Turning to the modeling investigation, potentials-based techniques (described in Methods) were employed to calculate the surface structures and energies for numerous crystal orientations of pristine TiO 2 -B. It is noted that because of the cell sizes, most previous density functional theory (DFT) studies on oxide surfaces modeled only a few low-index surface planes.
The calculated surface energies for pristine TiO 2 -B are listed in Table 2 . The majority of the surfaces undergo considerable decreases in surface energy from the unrelaxed structures, typically 50−80%, resulting in increased stability of the terminating layers. This shows the importance of relaxation at the particle surface and indicates that the relative surface energies cannot be reliably predicted by assuming the oxide surface to be a rigid, unrelaxed termination of the crystal lattice.
The crystal morphology predicted from the surface energies is shown in Figure 5 . For nanosized particles, where rearrangement of the crystal at each stage of the growth is possible, a morphology close to the equilibrium form might be expected. The lowest surface energies for pristine TiO 2 -B were found for the (001), (110) and (100) surfaces, which are prominent in the particle morphology. Using this Wulff construction, a charge-neutral nanocluster 3 nm in size was generated and optimized for a pristine TiO 2 -B nanoparticle. As noted above, our energy minimization and MD approach considers explicitly the structure and total energy of the ensemble of all the ions in the nanoparticle, not just the surface, in determining the particle shape. The resulting nanoparticle shape (shown in Figure 6 ) is in effect isotropic, which may not be surprising since the maximum difference in surface energies amounts to ∼30%. Using this isotropic nanoparticle structure to calculate the powder diffraction pattern resulted in the simulation shown in Figure 7 . The match to the experimental pattern is poor. Since OH stretches were detected in the FTIR spectrum from the TiO 2 -B nanoparticles (see Figure 3) , the entire particle (including surface energies) was recalculated with, as noted above, full, 75%, 50%, and 25% monolayer coverages of the surface by hydroxyl groups (Ti sites) and protons (O sites). MD simulation scans of different starting configurations allowed the construction of hydroxylated nanoparticles about 3 nm in size. The nanoparticle structure with 75% coverage was found to be the most stable and showed the closest accord with the observed shape.
Such hydroxylation of the surfaces significantly changes the surface energies and hence the relative energy balance between the various facets (see Table 2 ). Consequently, the change in the total energies leads to a different and more elongated equilibrium shape of the crystalline particle ( Figure 8 ).
Moreover, the resulting shape of the hydroxylated nanoparticle is close to that of an ellipsoid; the longer axis of the simulated particle parallel to the c crystallographic direction is in good accord with that obtained in the course of the Debye refinement, apart from slightly higher aspect ratios (C/A = 1.79, C/B = 1.72), although the difference C/A − C/B is comparable.
The powder pattern calculated for the simulated hydroxylated nanoparticle of ellipsoidal shape (Figure 9 ) matches the experimental profile significantly better than the pattern of isotropic form does, particularly in the angular range 12−56°( see Figure 7) ; there is a reduction of fit in the range 56−65°, most likely caused by the uncertainty in the extent of the surface coverage or, less likely, by the small number of other groups attached to the surface. Nevertheless, the results show good quantitative accord and indicate that an underlying reason for the formation of an ellipsoidal shape is the hydroxylation of the surface in the course of hydrothermal synthesis. It is apparent that the precise surface planes are not easily assigned from experiment, particularly given the small sizes of the particles. Inspection of the simulated nanoparticle indicates Figure 5 . Equilibrium shape of a pristine crystalline particle of TiO 2 -B using the calculated surface energies. 44−47 The (110) and (001) surfaces are of particular interest because they allow access to these Li + diffusion pathways, which may help expedite the reversible Li + intercalation process.
CONCLUDING REMARKS
Structure refinement based on the Debye equation is a powerful tool for establishing the shape and structure of nanoparticles. When combined with atomistic and MD modeling, it provides insight into the origin of the observed shapes and structural features on the atomic scale. The Debye studies revealed that the shape of the TiO 2 -B nanoparticles is close to that of an ellipsoid. Modeling of ensembles of all the ions in the nanoparticle showed that the underlying reason for the formation of such a shape is the hydroxylation of the surface in the course of hydrothermal synthesis. The simulated ellipsoid shape of the hydroxylated nanoparticle is in good accord with the observed shape from the Debye refinement. The powder pattern generated from this simulated atomic-level structure also matches the experimental profile considerably better than that for a nanoparticle without a hydrated surface. Indeed, a key challenge in the modeling of nanomaterials is making direct links with experiment.
The OH groups greatly modify the surface and total energies of the nanoparticle relative to the pristine form by helping to minimize surface strains and distortions of certain facets of the nanoparticle, which is not uncommon when the surface-tovolume ratio is high. This also explains the negligible strain values established in the course of the Debye refinement. Significant strains are often observed in nanoparticles arising from the forces akin to surface tension, something the hydration relieves. The exposure of the (110) and (001) facets is significant for electrode function since this would allow access to the most facile pathways for lithium-ion diffusion and hence would be important for the reversible insertion/deinsertion of lithium ions. 
